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Spin ﬂips of a single proton were driven in a Penning trap with a homogeneous magnetic ﬁeld. For
the spin-state analysis the proton was transported into a second Penning trap with a superimposed
magnetic bottle, and the continuous Stern–Gerlach effect was applied. This ﬁrst demonstration of the
double Penning trap technique with a single proton suggests that the antiproton magnetic moment
measurement can potentially be improved by three orders of magnitude or more.
© 2013 Elsevier B.V. All rights reserved.CPT symmetry is a fundamental symmetry in the local, rela-
tivistic quantum ﬁeld theories involved in the Standard Model [1].
It implies exact equality between the fundamental properties of
particles and their corresponding antiparticles. Any measured dif-
ference between masses, charges, lifetimes or magnetic moments
of an exactly conjugated matter/antimatter system would thus in-
dicate physics beyond the Standard Model, and potentially con-
tribute to the solution of one of the hottest topics in modern
physics—the observed matter/antimatter asymmetry in the uni-
verse [2]. This is the fascination and motivation driving experi-
ments which compare the properties of matter and antimatter at
lowest energies and greatest precision [3–9].
Our experiments [10–12] focus on the precise comparison of
the magnetic moments of the proton p and the antiproton p¯,
μ = g/2 · qh¯/(2m), where g is the so-called g-factor, and q/m the
charge-to-mass ratio. The magnetic moment in units of the nuclear
magneton μN
μ
μN
= g
2
= νL
νc
, (1)
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http://dx.doi.org/10.1016/j.physletb.2013.05.012can be determined by measuring the free cyclotron frequency
2πνc = q/m · B0 and the spin precession frequency 2πνL = g/2 ·
q/m · B0 (also called Larmor frequency) of a single particle stored
in a cryogenic Penning trap, where B0 is the trap’s magnetic ﬁeld.
The free cyclotron frequency is determined by image current de-
tection, whereas for the measurement of νL the continuous Stern–
Gerlach effect is applied [13]. In this scheme a strong magnetic
bottle B(z) = B0 + B2z2, where z is the direction of the magnetic
ﬁeld, is superimposed on the Penning trap. This couples the spin-
magnetic moment of the particle to its axial oscillation frequency
νz , and thus, reduces the determination of the spin direction to
a non-destructive frequency measurement. A magnetic radio fre-
quency ﬁeld at νrf is applied to induce spin transitions [14], and
from a measurement of the spin-ﬂip probability PSF(νrf), the Lar-
mor frequency νL is obtained. By using this method the magnetic
moment of a single trapped proton was measured by two inde-
pendent groups with precisions of 8.9 · 10−6 [11] and 2.5 · 10−6
[15]. Applying the same techniques to the antiproton, diSciacca et
al. recently reported on a 4.4 · 10−6 measurement of the antipar-
ticle’s magnetic moment [16]. Compared to the former value [17],
this improved the precision of μp¯ by an unprecedented factor of
680. However, the achieved experimental precisions are limited by
the strong magnetic bottle B2 ≈ 300000 T/m2 which broadens the
Larmor resonance line signiﬁcantly [19]. To overcome this prob-
lem, a GSI/University of Mainz Collaboration developed the elegant
A. Mooser et al. / Physics Letters B 723 (2013) 78–81 79Fig. 1. Precision achieved in recent measurements of magnetic moments with single
trapped particles. The dark grey bars indicate the precision which has been achieved
in Penning traps with a superimposed magnetic bottle for spin detection. Light grey
bar: using the double Penning trap technique the precision improved dramatically
to about 0.5 ppb in experiments with a single electron bound to a highly charged
ion. Hatched bar: a phase sensitive detection method recently enabled a 20 ppt
measurement [18]. For the (anti)proton magnetic moment a gain in precision by
more than three orders of magnitude is expected from using the double Penning
trap technique.
double Penning trap method [20], where the analysis of the spin
state and the precision measurements of νc and νL are separated
to two traps: an analysis trap (AT) with the superimposed B2, and
a precision trap (PT), in which the magnetic ﬁeld is a factor of
75000 more homogeneous. This reduces the line width of the spin
resonance by orders of magnitude and boosts experimental preci-
sion. Fig. 1 shows that this method has been applied with great
success in measurements of the magnetic moment of the elec-
tron bound to highly charged ions, where sub-ppb precision was
achieved [21–24]. So far, in case of the (anti)proton magnetic mo-
ment measurements the application of this method was not possi-
ble.
In this Letter we report the ﬁrst successful demonstration of the
double Penning trap method with a single trapped proton. This is
a major step towards a dramatic improvement in the measurement
precision of the magnetic moment of both the proton and the an-
tiproton to the ppb level and beyond.
The double Penning trap setup is shown in Fig. 2. This assembly
is mounted into the horizontal bore of a temperature and pres-
sure stabilized superconducting magnet, with a ﬁeld strength of
B0 = 1.89 T. The precision trap is located in the homogeneous
center with B/B ≈ 10−6 in a volume of about 1 cm3. The two
traps consist of carefully designed stacked cylindrical electrodes,
which are made out of oxygen free copper. All electrodes are gold-
plated, which prevents oxidation of the inner trap surfaces. The
PT has an inner diameter of 7 mm, whereas the one of the AT
is only 3.6 mm. The central ring electrode of this small trap is
made of ferromagnetic CoFe material, which has a saturation mag-
netization of Bsat = 2.35 T. Together with the small diameter of
the AT this material produces the strong magnetic bottle. The dis-
tance between the trap centers is 45 mm. The residual magnetic
inhomogeneity B2 in the center of the precision trap is 4 T/m2.
The traps are connected by transport electrodes, which are used
to shuttle the single particle adiabatically back and forth between
AT and PT. Small coils are mounted close to the Penning trap elec-
trodes. Strong rf drives applied to these coils at frequencies close
to the Larmor frequency νL ≈ 81 MHz induce spin transitions. Al-
though the copper electrodes act as eﬃcient rf shields, the ﬁeld
amplitude brf which penetrates through the 140 μm slits between
adjacent electrodes is still strong enough to achieve Rabi frequen-Fig. 2. Schematic of the double Penning trap setup. The system consists of two Pen-
ning traps which are connected by transport electrodes. The central ring electrode
of the analysis trap is made of ferromagnetic material. For further details see text.
cies Ω = μpbrf/h¯ of several 10 Hz. The whole assembly shown in
Fig. 2 is mounted in a hermetically sealed, pinched-off, and cryo-
pumped vacuum chamber with a total volume of about one liter.
In this trap-can pressures in the order of 10−16 mbar are achieved
which avoids particle loss [26].
A single proton in the precision trap oscillates perpendicular
to the magnetic ﬁeld at the modiﬁed cyclotron frequency ν+ of
about 28.9 MHz. The electrostatic potential slightly shifts ν+ from
νc [25]. In addition to this radial motion an axial oscillation along
the magnetic ﬁeld lines occurs at νz = 623 kHz, which is due to
the axial electrostatic potential of the Penning trap. A magnetron
motion at ν− = 6.7 kHz is induced by the crossed magnetic and
electric ﬁelds. It is also perpendicular to B0.
To measure ν+ and νz of the single trapped proton, highly
sensitive detection systems are used. Small image currents I p are
induced in the trap electrodes by the particle’s motion and are
picked up by detection coils with inductances L and high qual-
ity factors Q . Together with the trap capacitance CT they form a
tuned circuit. On resonance νr each detection system acts as an
effective parallel resistance Rp = 2πνr LQ . When the particle’s re-
spective oscillation frequency and νr are matched, a voltage drop
up = Rp I p is obtained, which is ampliﬁed and analyzed with a fast
Fourier transform (FFT) spectrum analyzer. A particle excited to
high oscillation amplitudes appears as a peak in the FFT spectrum.
The interaction with the detection resistor Rp cools the proton re-
sistively with a cooling time constant τ =m/Rp · D2/q2, where D
is a characteristic trap dimension. When cooled to thermal equi-
librium, the particle acts like a series tuned circuit, which shorts
the thermal noise [28,29] of the detection system, and appears as
a dip in the FFT spectrum [30]. For a non-destructive frequency
measurement such a particle dip is recorded and the frequencies
νz and ν+ are obtained via a best ﬁt to the data. In contrast to this
direct detection method the magnetron frequency is measured via
sideband coupling [31]. This method can also be used to measure
ν+ [32].
For an application of the double Penning trap technique the
sequence shown in Fig. 3 is applied. First, a single proton is pre-
pared in the AT and its spin state is determined. To this end, the
axial frequency is measured, and afterwards a spin ﬂip drive is
applied with an amplitude suﬃciently large to saturate the inco-
herent spin-transition to PSF = 50% [10]. Subsequently the axial
frequency is measured again. A spin quantum jump in our mag-
netic bottle shifts the axial frequency by 171 mHz. Once such a
80 A. Mooser et al. / Physics Letters B 723 (2013) 78–81Fig. 3. Illustration of a double Penning trap sequence. For details see text.frequency jump is identiﬁed [12], the spin state is deﬁned. Next,
the single proton is transported to the PT, and while a spin-ﬂip
drive is applied, the cyclotron frequency is measured. The experi-
mental cycle is ﬁnished by transporting the particle back to the AT
where the spin state is analyzed as above. In this way a signature
is obtained for whether or not the drive applied in the PT ﬂipped
the spin.
Obviously, for the application of this technique, “single spin ﬂip
resolution” is required [12], which means, that the spin state of
the proton has to be identiﬁed with high ﬁdelity F , where F is the
fraction of correctly identiﬁed spin ﬂips in the PT. This is very dif-
ﬁcult because of the strong magnetic bottle B2, which also couples
the magnetic moment of the orbital angular magnetic momentum
to the axial oscillation frequency. Small ﬂuctuations of the energies
in the radial modes, E+ and E− , cause axial frequency ﬂuctuations,
which can be expressed as
νz(n+,n−)
= hν+
4π2mpνz
B2
B0
·
((
n+ + 1
2
)
+ ν−
ν+
(
n− + 1
2
))
, (2)
where n+ is the cyclotron and n− the magnetron quantum num-
ber, respectively. A cyclotron quantum jump n+ = ±1 causes an
axial frequency shift of νz = ±63 mHz and a transition of the
magnetron quantum number n− = ±1 leads to νz = ±54 μHz.
Thus, to clearly observe spin transitions it is crucial to keep axial
frequency ﬂuctuations induced by radial quantum transitions small
in comparison to the frequency shift νz,SF = 171 mHz induced by
a spin ﬂip.
The transition amplitude for electric dipole transitions between
cyclotron quantum states is
Γi→ f = qE0
√
h¯
2πmpν+
n+
2
, (3)
where E0 is the electric ﬁeld amplitude of a spurious noise-drive.
The transition rate δn+/dt scales as Γ 2i→ f , and is proportional to
the cyclotron quantum number n+ . Thus, to resolve single proton
spin ﬂips it is of major importance to cool the particle to low cy-
clotron energies E+ .
The scaling of the axial frequency νz(E+) in the strong mag-
netic bottle (see Eq. (2)) enables a calibration of the absolute
modiﬁed cyclotron energy E+ . For such an energy calibration the
particle is transported to the precision trap where it interacts
with the cyclotron detector [27]. With a typical noise correlation-
time of τ+ = 300 s the particle’s cyclotron mode is thermalized,Fig. 4. (a) Histogram of axial frequency measurements after thermalization of the
modiﬁed cyclotron mode with the detection system it the PT. The abscissa is scaled
to absolute energy values. For further details see text. (b) Single spin transition ﬁ-
delity in the PT as a function of the cyclotron energy E+ . Note the change in the
cyclotron energy scale.
which means that E+ follows a random walk in thermal en-
ergy space. The distribution of the energy values E+ taken on
in this process is described by the probability function w(E+) =
1
kT+ exp(−E+/(kB T+)). After thermalization the particle is shuttled
to the analysis trap, and the axial frequency νz is measured. Then,
the single proton is transported back to the PT and thermalized
again. This cycle is repeated for hundreds of times. Fig. 4(a) shows
the results obtained from such a sequence plotted as a histogram.
Together with a ﬁt of w(E+) to the data and an independent
measurement of B2 [11], the measured frequencies are scaled to
absolute energy-values (abscissa of histogram). These results con-
stitute a measurement of the temperature of the cyclotron detector
T+ , probed with the single particle. For this data-set T+ = 5.3 K
is obtained. After such a detailed temperature calibration the cy-
clotron energy E+ of the single particle can be determined via a
single axial frequency measurement.
By using this temperature calibration the axial frequency ﬂuc-
tuation Ξ , deﬁned as the rms value of the differences of two
subsequent axial frequency measurements νz,i − νz,i+1 [10], was
recorded for different E+-values. Based on this result the spin ﬂip
ﬁdelity F is obtained as a function of E+ using simulated axial
frequency noise data. Results are shown in Fig. 4(b). At cyclotron
energies below 150 μeV a spin-ﬂip ﬁdelity F > 75% is obtained,
which means, that three out of four induced spin ﬂips can be
clearly identiﬁed. With the current cyclotron detector, the average
probability to prepare a particle which meets these requirements
is about 20%, and the preparation of such a particle takes on aver-
age about 2 h.
For the application of the double Penning trap technique a sin-
gle proton is prepared at low cyclotron quantum number n+ in
A. Mooser et al. / Physics Letters B 723 (2013) 78–81 81Fig. 5. Spin ﬂip probability in the PT as a function of the number of measurements.
The squares represent data points where a resonant spin ﬂip drive was applied,
while the dots represent results of an off-resonant reference measurement, where
the drive was detuned by 1 MHz. The solid lines indicate the 1σ conﬁdence bands.
the AT. Signiﬁcant Larmor frequency shifts arise from large mag-
netron radii. Thus, in the next step the latter is cooled to about
10 μm by coupling to the axial mode [31]. This enables reliable
saturation of the spin transition to 50% spin ﬂip probability, which
is necessary for a high-ﬁdelity spin state detection [12]. When the
spin-state is deﬁned, the particle is transported to the precision
trap, where the free cyclotron frequency is obtained by determin-
ing ν+ and νz . The magnetron frequency ν− is measured routinely
only once a day. In parallel to the measurement of the modiﬁed
cyclotron frequency ν+ , spin ﬂips are driven in the same way as
in the AT. The measurement of ν+ heats the cyclotron mode, and
thus, in a next step the proton is thermalized with the cyclotron
detector, subsequently transported back to the AT, and the cy-
clotron energy is determined. In case E+ > 150 μeV, which corre-
sponds to a single spin ﬂip ﬁdelity F < 75%, the particle is shuttled
back to the PT and the cyclotron mode is thermalized again. Once
E+ is low enough to resolve single spin ﬂips with ﬁdelity F > 75%,
the spin eigenstate is determined. From this measurement we de-
duce whether the spin in the PT has ﬂipped. For a determination of
the spin-ﬂip probability in the PT this sequence is repeated many
times. Data were taken for a resonant and an off-resonant spin-
ﬂip drive in the PT, the latter detuned by 1 MHz. Fig. 5 shows the
evolution of the cumulative spin ﬂip probability for the resonant
as well as the off-resonant drive as a function of the number of
measurements. The solid lines indicate the 1σ conﬁdence intervals.
Both measurements converge to constant values. The off-resonant
data point reaches PSF ≈ 25% since one out of four spin ﬂip tri-
als in the precision trap is misinterpreted. This is caused by the
limited ﬁdelity F for the spin state detection, which results in a
measured spin ﬂip probability PSF,m = PSF,t · F +(1− PSF,t) · (1− F ),
where PSF,t is the actual spin ﬂip probability. For the resonant data
point PSF ≈ 54(8)% is measured. The signiﬁcant shift of 29(11)%
between the two measurements proves the unambiguous detec-
tion of proton spin quantum jumps driven in the homogeneous
magnetic ﬁeld of the PT. A scan of the full Larmor resonance
would constitute a ﬁrst proton g-factor measurement by means
of the double Penning trap technique. So far, this method has
only been applied to measure electron magnetic moments, how-
ever, the proton magnetic moment is about a factor of 650 times
smaller and application of this method is much more challeng-
ing.In conclusion, for the ﬁrst time the application of the double
Penning trap method has been demonstrated with a single proton.
This result paves the way towards the ﬁrst direct high-precision
measurement of the proton and antiproton magnetic moments in
the BASE experiment at the Antiproton Decelerator of CERN [33,
34].
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